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Abstract.
Reactive distillation is a process that combines chemical reaction and separation in a single piece of equipment (distillation column). The process has a lot of benefits especially for those reactions occurring at conditions suitable for the distillation of the process components, and these result in significant economic advantages. However, owing to the complexities resulting from the integration of reaction and separation, its control is still a challenge to process engineers because it requires a control method that is robust enough to handle its complexities. Therefore, in this work, model predictive control (MPC) has been applied to a reactive distillation process used for developing a renewable energy known as biodiesel. The control algorithm of the MPC was formulated with the aid of MPC toolbox of MATLAB/Simulink in which the closed-loop models of the process were developed and simulated. The analysis of the results obtained from the simulations carried out for the optimization of the tuning parameters revealed that, among the tuning parameters considered, integral absolute error of the control system was less affected by the control horizon because its p-value was greater than 0.05 based on 95% confidence level. Furthermore, the simulation of the closed-loop system of the process using model predictive control tuned with control horizon of 11, prediction horizon of 18, weight on manipulated variable rate of 0.05 and weight on output variable of 2.17, which were the optimum parameters obtained using Excel Solver, showed that the system was well handled by the controller under servo control because it was able to get settled at desired mole fractions within 60 min. However, the settling time recorded in the case of regulatory control system of the process with the same controller was found not to be encouraging. Therefore, it is recommended that further work should be carried out on this subject matter in an attempt to obtain tuning parameters that will make the settling time of the closed-loop system of the process under regulatory control simulation very reasonable. 
Nomenclature

Introduction
There is almost undisputed agreement that energy plays a pivotal role in national development. By and large, there is a high degree of relationship between energy use, economic growth, and level of development. The climate change due to greenhouse gases emissions and turbulence in oil and gas prices have turned global attention to green energy sources, which are environmentally friendly. The major components of the green energy sources are renewable energy types [1] .
Renewable energy is a regenerative energy derived from sources that are not prone to depletion in the human time scale, and they include biomass, solar, hydro, and geothermal [2] . These types of energy cannot be exhausted and they constantly and automatically renew.
Biomass, being a renewable organic matter, includes biological material derived from living, or recently living organisms, such as wood, waste, alcohol fuels and biodiesel [2] .
Biodiesel, as a renewable energy, is a fuel made from plant oils and can be used in diesel engines [2] . It can be directly used to replace petroleum diesel without modifying diesel engines because their properties are similar [3] [4] [5] [6] [7] [8] [9] . Also, it is a promising alternative to conventional petroleum based diesel fuel, and it has a number of other benefits such as reducing carbon dioxide emissions by about 78%, nontoxicity and biodegradability. These benefits have made biodiesel a very good environmentally benign one. Furthermore, biodiesel has properties that are more superior to those of petro-diesel fuel [8] [9] [10] [11] [12] such as nontoxicity [8, 9, 12, 13] . Researches involving the production of biodiesel are being embarked on nowadays because it is very important for today's world to identify an alternative to fossil fuel to meet the future demands for energy [8, 9, 12, [14] [15] [16] based on the fact diesel fossil fuel reserves are dwindling and, at a time, they may run out [8, 9, 12, 17] especially for use in internal combustion engines.
Biodiesels are typically made from renewable organic raw materials such as jatropha, soybean or rapeseed oils, animal fats, waste vegetable oils or microalgae oils [2] . Their production methods include direct use and blending, micro emulsions, thermal cracking and esterification/transesterification. Esterification/transesterification is the most popular method of biodiesel production, and in that method, fatty acids/vegetable oils and animal fats are used as feed stocks. The production of biodiesel using esterification/transesterification can, actually, be accomplished via reactive distillation process for improved conversion [4, 6, 18] .
Reactive distillation is a process that is capable of combining both separation and chemical reaction in a single equipment unit [19] [20] [21] [22] , and it has a lot of advantages especially for those reactions occurring at suitable and appropriate conditions for the distillation of the reaction components [4, 5, 20, [23] [24] [25] [26] [27] [28] [29] [30] . Apart from that, this process combines the benefits of equilibrium reaction with distillation in order to achieve a substantial progress in promoting reaction conversion as a result of constant recycling of unconverted materials and removal of products. As such, the process is able to reduce capital and operating costs as a result of the reduction that occurs in the number of equipment units of the plant [4, [30] [31] [32] . In addition to the advantages mentioned before, basically, the combination of reaction and distillation in the same equipment unit gives rise to suppression of side reaction(s) and utilization of heat evolved from an exothermic reaction for mass transfer operation. These synergistic effects of the process result in low energy cost and high product yields [30, 33] . However, as a result of combining reaction and separation in a single piece of equipment in this process, its control has been a challenge to process engineers because it must be handled using a robust control method that will be able to take care of the complexities involved in it. This is the reason why the application of model predictive control (MPC) to it is being investigated further.
Model predictive control is an advanced control technique that is used for difficult control problems [34, 35] , and it has its primary advantage to be the explicit handling of constraints [34, 36] . MPC is an appropriately descriptive name for computer control schemes that utilize a process model for two explicit prediction of future behaviour and computation of appropriate corrective control action required to drive the predicted output as close as possible to the desired target value in an optimal manner. As an advanced control method, MPC has enjoyed such remarkable industrial success and popularity that, currently, it is the most widely utilized of all advanced control methodologies in industrial applications [34, [37] [38] [39] .
Researches have applied various control techniques to reactive distillation processes. The summary of some of them is given in Table 1 . [49] Decoupling MPC Ethyl acetate 11. Giwa et al. [18] PID Control Biodiesel 12. Giwa et al. [6] PID Control Biodiesel 13. Giwa [50] PID Control Isopropyl alcohol
As can be seen from the literature review summarized in Table 1 , none of the studies listed has applied model predictive control to a reactive distillation process producing biodiesel, which is a renewable energy. In order to bridge this gap, it is aimed in this work to carry out the control of the process for both set-point tracking and disturbance rejection by applying model predictive control.
Methodology
Development of Closed-Loop Simulink Models of the Process
The open-loop simulation of the process using Simulink has already been done by Giwa et al. [6] . As such, only the closed-loop simulation is focused on in this work.
The model predictive control of the reactive distillation process for the development of biodiesel (a renewable energy) was achieved by using the transfer function of the process obtained from the work of Giwa et al. [6] and given in Equation (1) In the simulation of the control systems, the controlled variable was the mole fraction (x biod ) obtained from the bottom section of the column, the manipulated variable was the reboiler duty (Q) and the disturbance variable was selected to be the reflux ratio (R).
Estimation of Tuning Parameters
The estimation of the tuning parameters of the controller was carried out by entering the low and the high bounds of each of the selected parameters ( Table 2) into Design Expert [52] , generating a set of thirty (30) runs given in Table 3 and using the values of the runs to simulate the closed-loop model of the main process coded in mfile of MATLAB. For each of the simulations executed, the integral absolute error (IAE) given as the output was recorded and, later, entered into the Design Expert for analysis and model equation development. The developed model equation relating the integral absolute error to the tuning parameters were analysed and modified appropriately in order to ensure that the contained parameters were significant enough to describe the phenomenon before proceeding to optimization.
Estimation of Optimum Tuning Parameters
The optimum control parameters used in the control of the process were estimated with the aid of Excel Solver [53] by setting the objective function, which was the integral absolute error (IAE) to be equal to zero and manipulating the four selected parameters (control horizon, prediction horizon, weight on manipulated variable rate and weight on output variable). The integral absolute error was chosen as the variable of the objective function in this work because it was discovered from the literature that it could eliminate small errors, and the elimination of small errors were found necessary in the production of biodiesel because mole fraction was being considered.
Results and Discussion
Model Development Results
The results of the integral absolute error (IAE) obtained when the developed control system was run using the values of the tuning parameters generated with the aid of Design Expert are given together the generated values in Table 4 . According to the results given in Table 4 , the values of the integral absolute error were discovered to be changing as the values of the tuning parameters were being varied. This was an indication that the tuning parameters were having effects on the developed control system of the reactive distillation process for renewable energy (biodiesel) production. Analysing the obtained results given in Table 4 , a model (Equation (2)) was developed for the relationship existing between the integral absolute error and the tuning parameters selected, which were the control horizon, the prediction horizon, the weight on the manipulated variable rate and the weight on the output variable. 
After developing the model given in Equation (2), it was analysed for variance, and Table 5 shows the results of the analysis. From the table, it was found that some of the factors contained in the model were insignificant because their p-values were greater than 0.05 that was chosen based on 95% confidence level. Besides, observing Equation (2) very well, the coefficients of some of those factors having p-values to be greater than 0.05 were found to be very low. Based on this, the developed model equation was subjected to modification. Equation (3) shows the modified model of the relationship between the integral absolute error and the selected tuning parameters of the model predictive control system. Even though the pvalue of factor A (control horizon) was greater than 0.05, it was still not eliminated from the model because the control system must have a control horizon as one of the tuning parameters. 2 The analysis of variance (ANOVA), the results of which is given in Table 6 , carried out on the modified model showed each of the factors to have a p-value that was less than 0.05 except that of the factor A, which was not eliminated deliberately so as to have a control horizon as a tuning parameter in the control system. After the modification of the model, an improvement in the predicted R-Squared value of the model was noticed to occur because the predicted R-Squared for the original developed model was 0.5568 while that of the modified one has been estimated to be 0.7612.
Optimum Parameters
After modifying the model of the relationship between IAE and the tuning parameters, Equation (3) was optimized with the aid of Excel Solver, and the results of the optimization obtained are given in Table 7 . From the results of the optimization given in Table 7 , it was observed that, although the set value of the objective function, which was zero, could not be satisfied, the value obtained was found reasonable enough because the control system was expected to be able to handle any mismatch that could occur as a result of that.
Servo (Set-Point Tracking) Control Simulation Responses
In order to demonstrate the application of model predictive control to renewable energy development, the values of the tuning parameters were set to those ones obtained from the optimization carried out and given in Table 7 , then the closed-loop control system of the reactive distillation process was simulated for set-point tracking by applying step changes to the value of the mole fraction of biodiesel obtained from the bottom section of the column, which was the controlled variable of the system, and the results obtained were as given in Figures 3 -5 . Figure 3 is the closed-loop response of the system when a step change of 0.4 was applied to the set point of the controlled variable. As can be seen from the figure showing the controlled and the manipulated variables, the mole fraction of biodiesel was able to get settled at the desired reference value within a simulation time of 60 min. The results obtained revealed that model predictive control was able to make the system behave well within a short time of 1 hr with very few oscillations. In this case, the integral absolute error (IAE) and integral squared error (ISE) of the simulation were obtained to be approximately 6.05 and 2.05, respectively. The response (Figure 4 ) given by the system for a 0.5-unit step change was also found to be similar to the one obtained before (in the case of a 0.4-unit step change) because the system was also able to get to its mole fraction of 0.5 within a simulation time of 1 hr. However, an increase was found to occur in each of IAE and ISE because the values of IAE and ISE obtained in this simulation were 7.57 and 3.20 respectively. The increase in the values of the IAE and ISE was found to be as a result of the increase in the value of the step applied to the set-point of the controlled variable. Figure 5 shows the closed-loop dynamic response of the reactive distillation process used for renewable energy development to a step change of 0.6 unit in the value of the controlled variable. The observation made from the figure pointed out that the response of the system in this case too was similar to the ones obtained before as the system has been found to get to its closedloop steady-state value of 0.6 within 60 min simulation time considered and with respective IAE and ISE values of 9.08 and 4.61. 
Shown in
Regulatory (Disturbance Rejection) Control Simulation Responses
In addition to the application of model predictive control to renewable energy development carried out in this work for servo simulation, the ability of the control system in the presence of a disturbance was also investigated using the same tuning parameters that were used for servo control simulations. The results of the simulations carried out with disturbance rejection control of the reactive distillation process were as shown in Figures 6-8 respectively for a 0.5-, 1-and 1.5-unit step changes in the reflux ratio, which was selected as the disturbance variable of the process.
From Figure 6 that is showing the closed-loop dynamic response of the regulatory control of the reactive distillation process, it was observed that the system was able to return to its steadystate, but after a long time of about 800 min. This too much settling time for the regulatory control simulation was seen to be as a result of the fact that the tuning parameters were not working very well for the disturbance rejection control the way they did for the set-point tracking control system, although the IAE and ISE of the control simulation were finally obtained to be 2.13 and 0.015 respectively. Figure 6 . Closed-loop dynamic response of the system to a 0.5-unit step change in the disturbance variable Figure 7 shows the response of the model predictive controlled reactive distillation system to a unit step change in the disturbance variable. The trend of the response given in this case was found not to be too different from that given in Figure 6 for a step change of 0.5 unit in the disturbance variable. Just as it was observed in the other case, the settling time in this case also was found to be too much. For this simulation, the IAE and ISE were estimated to be 4.27 and 0.058 respectively. The observation made from Figure 8 showing the dynamic response of the reactive distillation system when it was simulated with a model predictive controller upon the application of 1.5-unit step change to the reflux ratio (disturbance variable) was similar to the ones obtained from the immediate past two figures ( Figures 6 and 7) in the sense that the system was only able to return to its steady state at about 800 min. The values of IAE and ISE estimated from this simulation involving 1.5-unit step change in the disturbance variable revealed that the higher the step applied the higher the integral absolute error and the integral squared error because the values of IAE and ISE were obtained in this case to be 6.4 and 0.13 respectively.
x biod R x biod Comparing the results obtained from servo simulations, the model predictive controller (MPC) used in this work was found to perform better than the proportional-integral-derivative (PID) used in the work of Giwa et al. [18] because the settling time and the oscillations exhibited by the model predictive controller were less than those of the PID controller. However, the settling time of the process when PID controller was used in the work of Giwa et al. [6] to carry out its regulatory control simulation was found to be better than the one given by the model predictive controller in this work, but the number of oscillations recorded in this work was found to be less than that of the work of Giwa et al. [6] .
Conclusion
The analysis of the results obtained from the simulations carried out for the optimization of the tuning parameters revealed that integral absolute error of the model predictive control system was less affected by the control horizon, among the tuning parameters considered, because its pvalue was greater than 0.05 based on 95% confidence level. Furthermore, the simulation of the closed-loop system of reactive distillation process for biodiesel production using model predictive control tuned with the optimum parameters (control horizon of 11, prediction horizon of 18, weight on manipulated variable rate of 0.05 and weight on output variable of 2.17) obtained showed that the system was well handled by the controller used under set-point tracking because it was able to get settled at the desired mole fraction within 60 min. However, the settling time recorded in the case of disturbance rejection control system of the process with the same controller was found not to be encouraging. It is, therefore, recommended that further work should be carried out in order to obtain tuning parameters that will reduce the settling time of the closed-loop system of the process under regulatory control simulation also.
